Introduction {#section1-2041731419826433}
============

Current clinical treatments of the damaged osteochondral tissues, including abrasion arthroplasty, chondral shaving, and mosaicplasty, have experienced significant challenges due to the donor site morbidity, implant loss, and limited durability.^[@bibr1-2041731419826433][@bibr2-2041731419826433][@bibr3-2041731419826433]--[@bibr4-2041731419826433]^ Tissue engineering approach can thus offer a solution to this, where biocompatible scaffolds combined with cells and bioactive molecules can recapitulate the tissue environments and ultimately restore the functions of damaged osteochondral tissues.^[@bibr5-2041731419826433]^ However, the complete regeneration of the osteochondral tissues has been difficult mainly due to the complexity of the tissue structure, cell type, and biomechanical properties.^[@bibr6-2041731419826433][@bibr7-2041731419826433][@bibr8-2041731419826433]--[@bibr9-2041731419826433]^ Among the tissue engineering components, scaffolds play a key role, providing three-dimensional (3D) environments for cells to properly proliferate and differentiate.^[@bibr1-2041731419826433],[@bibr10-2041731419826433][@bibr11-2041731419826433][@bibr12-2041731419826433]--[@bibr13-2041731419826433]^ Strategies for the design of osteochondral scaffolds are mainly focused on the use of biphasic or multiphasic scaffolds that combine different material compositions or physical structures to ideally recruit and populate each cell type required.^[@bibr11-2041731419826433][@bibr12-2041731419826433]--[@bibr13-2041731419826433]^

The osteo-part of the biphasic scaffolds generally uses synthetic polymers that are combined with bioactive inorganic phases, which is known to enhance the osteogenic potential of mesenchymal stem cells (MSCs).^[@bibr11-2041731419826433],[@bibr14-2041731419826433],[@bibr15-2041731419826433]^ For instance, the polymeric scaffolds incorporated or coated with mineralized phase were shown to stimulate the osteogenic differentiation of MSCs.^[@bibr10-2041731419826433]^ Furthermore, tailoring the surface topology of the scaffolds by increasing the roughness or the use of nano-scaled matrices like nanofibers resulted in better cell adhesion to the matrix, followed by subsequently elongated cell morphology and stimulated osteogenic commitment of stem cells.^[@bibr16-2041731419826433][@bibr17-2041731419826433]--[@bibr18-2041731419826433]^ Therefore, the scaffolds for osteo-part need a proper combination of the composition and architecture that is able to provide optimal matrix conditions for enhanced osteogenesis of cells.

On the contrary, the chondral region of the osteochondral scaffolds needs a completely different approach. Cell condensation and aggregation is the required step to chondrogenesis and also accounts for the maintenance of the chondrocyte (CC) phenotype.^[@bibr19-2041731419826433]^ In order to enhance the cell-to-cell contact, several works focused on the preparation of cell constructs using the pellet culture methods which were free of scaffolds.^[@bibr20-2041731419826433][@bibr21-2041731419826433]--[@bibr22-2041731419826433]^ However, the low stability of the constructs and the necrosis in the central areas are considered to be a major limitation for their potential applications.^[@bibr23-2041731419826433]^ For this reason, the 3D scaffolding matrices are in great need to cultivate cells for chondrogenesis or to maintain the phenotype of CCs.^[@bibr23-2041731419826433][@bibr24-2041731419826433]--[@bibr25-2041731419826433]^ Some of the previous works have demonstrated the importance of the pore size of the scaffolds that is proper to culture CCs and to preserve the phenotype expressions.^[@bibr26-2041731419826433],[@bibr27-2041731419826433]^ Others reported that the nanofibrous matrices were proper for the CC culture and the chondrogenic differentiation of stem cells, where though other morphologies of matrices were not compared with.^[@bibr28-2041731419826433]^ However, systematic studies on the preferred surfaces or matrix conditions for the stimulation of chondrogenesis or the maintenance of CCs are largely limited. Recently, Cao et al.^[@bibr29-2041731419826433]^ designed an experiment of culturing MSCs in different-sized microwells for chondrogenesis, wherein the expression of chondrogenic markers increased as the cell-to-cell contact was enhanced in the bigger microwells and suggested the importance of engineered cell culture conditions for chondrogenesis. It is thus likely that engineering of 3D matrices to enable better cell-to-cell contact might be a proper strategy for the development of scaffolds for chondro-part.

With these in mind, here, we focus on the unique structured scaffolds, the nanofibrous matrix. Among the considered parameters of scaffolds, such as matrix molecules, chemical group, elasticity, and pore geometry, the surface nanofibrous structure (nano topology) has been potentially studied for the repair of many tissues and thus considered a fascinating physical parameter of matrices. Although the electrospun nanofibers have been popularly studied, this class is considered to be pseudo-3D (or more like two-dimensional (2D)), thus not ideal for osteochondral scaffolds. Therefore, we develop here the nanofibrous matrix into 3D porous scaffolds by employing a salt-leaching technique in conjunction with a phase separation, as previously reported.^[@bibr30-2041731419826433]^ We analyze whether the nanofibrous 3D scaffolds have the potential for stimulating chondro-responses and/or osteo-responses of target cells, in direct comparison with the dense-surfaced counterpart. This study is considered to deliver some insights into the design strategy of biphasic osteo- and chondro-part of scaffolds for the cell-scaffold-based osteochondral tissue engineering.

Materials and methods {#section2-2041731419826433}
=====================

Preparation of dense- and nanofibrous-surfaced 3D scaffolds {#section3-2041731419826433}
-----------------------------------------------------------

Dense- and nanofibrous-3D scaffolds were fabricated with poly-[l]{.smallcaps}/[d]{.smallcaps}-lactide acid (PLDLA; RESOMER\@LR 708; Evonik). In brief, PLDLA was dissolved at 5%w/v in a co-solvent of chloroform/1,4-dioxane (1:4). The prepared PLDLA slurry was first added to a plastic mold and then salt particles (range: 100--150 μm) were packed into the solution, which was then frozen at −20°C overnight. [A]{.smallcaps}fter freeze drying, the embedded salt particles were thoroughly leached out for 3 days with distilled water (DW). In case of the nanofibrous-surfaced 3D scaffold, the camphene-assisted phase-separation method was used as reported in our previous work.^[@bibr31-2041731419826433]^ For this, the camphene was added into the PLDLA slurry at a ratio of 4 (camphene:PLDLA by weight). The further procedures were the same as those used for dense scaffolds as described above.

For the preparation of dense and nanofibrous double-layered scaffolds, two different PLDLA solutions were prepared. Specifically, 5%w/v PLDLA (for dense layer) and 5%w/v PLDLA plus 10%w/v camphene (for nanofibrous layer) were dissolved separately in 10 mL of chloroform/1,4-dioxane (1:4). The PLDLA solution was first added to a mold with packed salt particles (smaller sizes of 100--150 μm). Subsequently, the PLDLA plus camphene solution was added to the same mold with packed salt particles (larger sizes of 200--500 μm), which was also frozen, freeze-dried, and salt-leached thoroughly. The double layer is easily discernable based on the different pore sizes obtained from the two different-sized salt particles.

Characterization of scaffolds {#section4-2041731419826433}
-----------------------------

The morphology of the scaffolds was observed by scanning electron microscopy (SEM, S-3000H, Hitachi, Japan). The porosity and pore size distribution of the scaffolds were analyzed using a mercury porosimeter (PM33, Quantachrome, USA). The specific surface area was measured by the N~2~ adsorption/desorption (Quantachrome) based on Brunauer--Emmett--Teller (BET) method. The water affinity of the scaffolds was tested by measuring the water contact angle using a Phoenix 300 analyzer. The water droplet images made onto the scaffold were observed using a viewing system until the equilibrium shape was achieved. Data were recorded for up to 20 min, and five samples were tested for each group. The mechanical properties of the scaffolds were determined using an Instron (Model 3344). The scaffolds were prepared by casting the polymers into a cylindrical mold (*h* = 10 mm and Ø = 4 mm). Scaffolds were tested by a compression mode with a 50-N load cell and a cross-head speed of 2 mm/min. The maximum compressive strength and elastic modulus were determined from the strain--stress curve. At least four scaffolds were tested for each group.

Isolation of cells and culture {#section5-2041731419826433}
------------------------------

Primary CCs and MSCs were isolated from 5-week-old Sprague Dawley rats (180--200 g) to test the chondrogenesis and osteogenesis ability on the scaffolds. The animal experiment was followed according to the guidelines approved by the Animal Care and Use Committee of Dankook University. The CCs were isolated from the resting zone of costochondral cartilage growth plate and rib region, as described elsewhere.^[@bibr32-2041731419826433]^ Dissected rib cages were cut into small pieces and digested in 10 mL of Dulbecco's phosphate-buffered saline (DPBS) containing 0.25% ethylenediaminetetraacetic acid (EDTA) and incubated for 20 min at 37°C. The digested pieces were then incubated in 0.25% trypsin (GIBCO, Waltham, MA, USA) for 1 h and in 0.2% collagenase type 2 for 3 h. The digested tissues were centrifuged at 2000 r/min followed by a filtration with a sterile 45 µm sieve filter (BD Biosciences, Franklin Lakes, NJ, USA). CCs were plated at a density of 2.5 × 10^4^ cells/cm^2^ and cultured in Dulbecco's modified Eagle's medium (DMEM) with high glucose containing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 50 μg/mL ascorbic acid, and 1% insulin-transferrin-sodium selenite (ITS) premix (Sigma, St. Louis, MO, USA). Third passage of confluent cells was harvested for seeding onto scaffolds.

The MSCs were obtained from bone marrow of the tibia and femoral region.^[@bibr33-2041731419826433]^ The harvested product was centrifuged, and the supernatant was collected and suspended within a culture flask containing a normal culture medium (α-minimal essential medium (α-MEM)) supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. After incubating for 1 day, the medium was refreshed and cultured until the cells reached near confluence. The cells were subcultured with trypsinization and maintained in normal culture conditions. Second or third passage cells were harvested for seeding on scaffolds. The two types of primary cultured cells were incubated at 37°C in a humidified atmosphere of 5% CO~2~ with media changes every 2--3 days.

CC assays on scaffolds {#section6-2041731419826433}
----------------------

### Cell-to-scaffold adhesion and proliferation {#section7-2041731419826433}

Cell-to-scaffold interaction was examined. CCs were seeded on the scaffolds at a density of 5 × 10^5^ cells per 3D scaffold (1 mm height × 4 mm diameter). The gene expression of Integrin β1 was confirmed by the gel-based quantitative polymerase chain reaction (qPCR). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control. The messenger RNA (mRNA) was extracted by directly dipping the scaffolds in lysis buffer (300 µL), and complementary DNA (cDNA) was synthesized from the total extracted RNA (1 μg) using a RT-PreMix (Bioneer Ltd, Daejeon, Korea). cDNA (2 µL) was subjected to a polymerase chain reaction (PCR) amplification (Applied Biosystems Veriti Thermal Cycle) using specific designed primers (basic local alignment search tool (BLAST), National Center for Biotechnology Information (NCBI)) with pre-mixed PCR kit (Bioneer Ltd). PCR reactions were conducted using 40 cycles at 95°C for 30 s, 58°C for 30 s, and then at 75°C for 60 s. Experiments were performed in triplicate. Sample band intensity was quantified using a software program GeneTools ver. 4.01 (Syngene UK) and normalized to that of GAPDH transcripts.

The adhesive cell number was indirectly calculated by counting the unattached cell number using hemocytometer. For the cell proliferation test, the cell counting kit-8 (CCK-8; Dojindo Molecular Technologies) was used. Briefly, 2.5 × 10^4^ cells were seeded to 3D scaffold and then cultured for 1, 3, 7, and 14 days. At each time, the samples were transferred to new 96-well plates and washed three times with phosphate-buffered saline (PBS), replacing the culture media with a working CCK-8 solution. The reagent was left to react for 2 h at 37°C and then an optical density was measured at an absorbance 450 nm (Bio-Rad iMark reader).

### Cell-to-cell interaction assays {#section8-2041731419826433}

To accurately determine the cell-to-cell contact, we prepared thin 2D films which have the same surface nano topology as the 3D scaffolds. In brief, the PLDLA slurry was prepared as described above. In case of the nanofibrous structured membrane, the camphene-added PLDLA slurry was used. The completely dissolved slurries were poured into a Teflon mold to freeze under liquid nitrogen condition and then freeze-dried for 3 days. The cell-to-cell interaction was examined by the aggregated colonies, and the number of cells at the aggregated colony region was counted. Also, the expression of collagen type II (Col II) was examined as an indication of a cell-to-cell contact of CCs. For this, 2 × 10^4^ cells were seeded onto each 2D membrane (16 mm of diameter) for a culture period of 7 days. After this, samples were fixed in 4% paraformaldehyde (PFA) and then treated with 0.2% triton X-100. After washing with PBS, samples were treated with Alexa Fluor 546 phalloidin (Invitrogen) to stain α-actin and 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen) to stain nucleus. For immunofluorescence staining, primary antibody mouse monoclonal anti-collagen type II antibody (SC-52658, 1:500) and secondary antibody rabbit anti-mouse fluorescein isothiocyanate (FITC) were used. Images were visualized under a confocal laser scanning microscope (CLSM; Zeiss 700) and analyzed by ZEN 2009 software.

### Chondrogenesis of CC: gene expressions {#section9-2041731419826433}

Chondrogenesis was determined by the expression of chondral-related genes (SOX-9, COL-II, and Aggrecan) after culturing the cells in chondrogenic media for 7 and 14 days. The mRNA was isolated using RNeasy Mini Kit (Qiagen, 74106) according to the manufacturer's instructions. Reverse transcription was performed using a thermal cycler (HID Veriti^®^96-Well Thermal Cycler, Applied Biosystems, 4479071), and the obtained cDNA was quantified with an ultraviolet (UV)--vis spectrophotometer (NanoDrop 2000; Thermo Scientific). Gene expression level was evaluated by a real-time PCR equipment (StepOnePlus™; Applied Biosystems) using SensiMix™ SYBR Kit (Bioline, QT605). Primers for the gene amplification are summarized in [Tables 1](#table1-2041731419826433){ref-type="table"} and [2](#table2-2041731419826433){ref-type="table"}, as referenced to a previous report.^[@bibr34-2041731419826433]^ The PCR was initiated with an activation step of 20 s at 95°C, followed by 40 cycles of denaturation (15 s, 95°C), annealing (30 s, 60°C), and extension (30 s, 72°C), as recommended by the manufacturer. Relative gene expression levels for target genes were normalized to the endogenous GAPDH gene using comparative Ct method (2^−ΔΔCt^) as previously mentioned.

###### 

Primer sequences of adhesion-related genes used for RT-PCR.

![](10.1177_2041731419826433-table1)

  Gene                                         Sequence
  ---------------- --------------------------- ---------------------------
  GAPDH            Forward primer              5′GGAGGAATGTAACACGACTGC3′
  Reverse primer   5′CAGATGAACTGAAGGACCACC3′   
  Integrin β1      Forward primer              5′ACCACAGTCCATGCCATCAC3′
  Reverse primer   5′CCACCACCCTGTTGCTGTA3′     

qPCR: quantitative polymerase chain reaction; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

###### 

Primer sequences of chondrogenesis-related genes used for qRT-PCR.

![](10.1177_2041731419826433-table2)

  Gene                                          Sequence
  ------------------ -------------------------- --------------------------
  GAPDH              Forward primer             5′CTGGAAGATGGTGATGG3′
  Reverse primer     5′GATTTGGTCGTATTGGGCG3′    
  Aggrecan           Forward primer             5′TCGCAAGTCCCTTCCACATC3′
  Reverse primer     5′TCAAGGCGTCCTGAAGTGTC3′   
  Collagen type II   Forward primer             5′GCTGGTGCACAAGGTCCTAT3′
  Reverse primer     5′AGGGCCAGAAGTACCCTGAT3′   
  Sox9               Forward primer             5′CCAGCAAGAACAAGCCACAC3′
  Reverse primer     5′CTTGCCCAGAGTCTTGCTGA3′   

RT-PCR: reverse transcription polymerase chain reaction; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

### Maturation of CCs {#section10-2041731419826433}

Glycosaminoglycan (GAG) production was observed by Alcian blue staining and quantitatively analyzed at 14 and 21 days. In brief, the scaffolds were rinsed with PBS followed a fixation in 4% PFA at 4°C for 10 min. The scaffolds were transferred to 1% Alcian blue (Sigma) solution, diluted in 3% acetic acid followed by an incubation at room temperature for 30 min. The scaffolds were rinsed in DW three times followed by an incubation in 1% sodium dodecyl sulfate (SDS) for 30 min to solubilize the Alcian blue stain. The absorbance of eluting solution was measured at 595 nm using iMark reader.

MSCs assays on scaffolds {#section11-2041731419826433}
------------------------

### Cell-to-scaffold adhesion and proliferation {#section12-2041731419826433}

The initial adhesion behavior of MSCs onto the scaffolds was investigated by counting the attached cell numbers. In brief, 5 × 10^5^ cells were seeded onto each 3D scaffold and cultured for 2, 4, 8, and 16 h, and the number of attached cells was determined by measuring the remaining cells in the media using hemocytometer. To observe the morphology, the cells were fixed in 4% PFA for 10 min at room temperature and then permeabilized with 0.1% triton X-100 for 3 min, followed by PBS washing and then blocking with 1% bovine serum albumin (BSA) for 30 min. The cells were stained with Alexa Fluor 555 phalloidin for 45 min at room temperature followed by PBS washing, and the nuclei were stained with DAPI for 5 min, and the cell images were visualized with CLSM. For the proliferation test, the CCK-8 was used. Briefly, 2.5 × 10^4^ cells were seeded onto each 3D scaffold and cultured for 1, 3, 7, and 14 days. The CCK assay was followed by the same protocol as mentioned above.

### Osteogenesis of MSCs: protein expression {#section13-2041731419826433}

Osteogenesis of MSCs was determined by the expression of proteins related to osteoblasts (RUNX2, bone sialoprotein (BSP), and osteopontin (OPN)) by the western blot at 7 and 14 days. GAPDH was used as a control. In brief, the protein extracts from the MSCs cultured in an osteogenic medium were prepared by a radioimmunoprecipitation assay (RIPA) buffer (PRO-PREP™ Protein Extraction Solution; iNtRON, South Korea). Protein samples were resolved on 10% SDS--polyacrylamide gel by boiling at 100°C for 4 min in 2× sample buffer followed by transblotting to nitrocellulose membranes (Millipore). The membranes were blocked with 5% BSA in Tris-buffered saline with 0.1% Tween 20 and then probed with proper primary antibodies (rabbit anti-RUNX2 antibody SC-10758 at 1:500, mouse anti-OPN antibody SC-20788 at 1:500, rabbit anti-BSP antibody SC-292394 at 1:1000, and mouse anti-GAPDH antibody SC-25778 at 1:500). Secondary antibodies were goat anti-mouse and goat anti-rabbit FITC antibody. All antibodies were purchased from Santa Cruz Biotechnology, Inc. The blotted membranes were then incubated with horseradish peroxidase (HRP)-conjugated secondary immunoglobulin G (Invitrogen), and band signals were detected using enhanced chemiluminescent (ECL) detection reagent (Pierce, Rockford, USA). ECL treatment membrane was visualized using an LAS-1000 mini image analyzer (GE, USA), and the band intensities were quantitatively analyzed by ImageJ software (National Institutes of Health (NIH)).

### Maturation of MSCs {#section14-2041731419826433}

As the terminal osteogenic marker, cellular mineralization was assessed by means of an Alizarin red S (ARS) staining at 28 days of culture in an osteogenic induction medium. Briefly, cells were washed with PBS and fixed with 10% PFA for 15 min at room temperature. Cells were stained with 40 mM ARS solution (pH 4.2) and incubated for 10 min at room temperature with gentle shaking. The media were aspirated and the scaffolds were washed three times. The stained samples were captured using a digital camera. For quantification, the ARS stain was de-stained using 10% cetylpyridinium chloride (CPC) in 10 mM sodium phosphate buffer (pH 7.0) for 15 min at room temperature. Aliquots of extracts were diluted 10-fold in 10% CPC solution, and an absorbance of elucidated solution was detected at 562 nm using a microplate reader.

Statistical analysis {#section15-2041731419826433}
--------------------

All results are presented as means ± standard deviations. A Student's *t*-test was performed to determine the significant difference (*p* \< 0.05) between groups.

Results and discussion {#section16-2041731419826433}
======================

Characteristics of the nanofibrous- and dense-surfaced scaffolds {#section17-2041731419826433}
----------------------------------------------------------------

The physico-chemical properties of the dense- and nanofibrous-surfaced 3D scaffolds were characterized. The SEM images showed the overall morphologies of the scaffolds. Both scaffolds presented similar macroporous structures comprising interconnected pores with sizes around 100--200 µm ([Figure 1(a)](#fig1-2041731419826433){ref-type="fig"}). A closer examination, however, revealed the significantly different internal morphologies. The phase-separation process induced by the use of camphene allowed the creation of a highly nanofibrous morphology^[@bibr35-2041731419826433]^ while maintaining the overall macropore configuration, whereas a smooth and dense pore morphology was produced in the absence of camphene. The total porosity of the scaffolds was not much different based on the result of mercury intrusion porosimetry; a total porosity of 89.7% and 89.0% for the dense and nanofibrous scaffold, respectively ([Figure 1(b)](#fig1-2041731419826433){ref-type="fig"}). The pore size distribution was similar in both scaffolds, with pores mainly peaked at 100--200 μm, reflecting the SEM observation. However, the nanofibrous scaffolds also contained huge amount of inter-fiber spaces on the frameworks (submicron to a few microns) due to the nanofibrous structure, which however, might not be detected by the mercury intrusion porosimetry. The specific surface area was then measured by the nitrogen adsorption/desorption isotherms using the BET method ([Figure 1(c)](#fig1-2041731419826433){ref-type="fig"}). Together with the specific surface area, the hydrophilicity of the scaffolds was also determined by a contact angle measurement ([Figure 1(d)](#fig1-2041731419826433){ref-type="fig"}). The water contact angle decreased gradually with time for both scaffolds, due to the time-sequenced water permeation behavior. The nanofibrous scaffolds showed much lower contact angles than the dense scaffolds, suggesting the water molecules should react with the nanofibrous surface of scaffolds more quickly than the dense surface. Due to the higher surface area, the nanofibrous surface could provide more reaction sites to water molecules, leading to an easier penetration of water into the pore channels.

![Characteristics of dense- and nanofibrous-surfaced 3D scaffolds: (a) SEM images showing the morphology of dense- and nanofibrous-surfaced porous scaffolds; (b) macro-porosity and pore size distribution, measured by a mercury intrusion porosimeter; (c) specific surface area, measured by a BET method; and (d) hydrophilicity, examined by a time-dependent change in water contact angle.\
Statistically significant difference indicated (\*\**p* \< 0.01).](10.1177_2041731419826433-fig1){#fig1-2041731419826433}

Collectively, highly porous 3D scaffolds with a unique nanofibrous internal structure could be produced well, with a similar porosity and pore configuration to the conventional dense-surfaced counterpart. The nanofibrous structure significantly increased the surface area and water permeation of scaffolds. Of note, this behavior should play an important role in many biological interactions of scaffolds in body fluid or culture medium, with protein and cells, and thus possibly controlling the cell and tissue behaviors. While the nanofibrous scaffolds hold many physico-chemical merits that can allow active biological interactions, the mechanical properties are inferior to those of dense scaffolds due to very high porosities, which may limit the applications in load bearing parts.

CC responses {#section18-2041731419826433}
------------

Rat primary CCs were used to examine the initial adhesion, proliferation, and the maintenance of CC phenotypes onto dense- and nanofibrous-surfaced scaffolds. The initial cell-to-scaffold adhesion was observed by the gene expression of integrin β1 which transmits signals between the extracellular matrix (ECM) and actin cytoskeleton ([Figure 2(a)](#fig2-2041731419826433){ref-type="fig"}). The expression level of integrin β1 was analyzed at very initial time points (5, 30, 60, and 120 min). In the nanofibrous scaffold, the gene expression peaked as early as 30 min with a slight decrease with time, whereas in the dense scaffold the expression level appeared to increase more at later time point (highest at 120 min). It is thought that the integrin sensing of cells in the nanofibrous scaffold stimulated at very early time points (within an hour) changed to the responses of later adhesion molecules present intracellularly such as focal adhesion kinase.^[@bibr36-2041731419826433]^ The cell adhesion number onto nanofibrous scaffolds showed significantly higher value (\~1.5 times) than that of dense scaffolds ([Figure 2(b)](#fig2-2041731419826433){ref-type="fig"}). In addition, the cell viability on nanofibrous scaffolds as measured by a CCK assay was significantly higher than that on dense scaffolds ([Figure 2(c)](#fig2-2041731419826433){ref-type="fig"}). We also observed that the cells grow well on both scaffolds with comparable cell growth kinetics (data not shown).

![Chondrocyte adhesion compared between dense- and nanofibrous-surfaced scaffolds: (a) expression of integrin β1 by RT-PCR at 0, 30, 60, and 120 min, and the intensity quantified; (b) cell adhesion number; and (c) CCK viability at 24 h.\
Statistically significant difference noted (\**p* \< 0.05; \*\**p* \< 0.01; *n* = 3).](10.1177_2041731419826433-fig2){#fig2-2041731419826433}

It is considered that the higher surface area of nanofibrous scaffolds could provide increased cellular adhesion sites to cells. This cell adhesion event, significantly enhanced in the nanofibrous scaffolds, can alter the subsequent cellular behaviors such as increased cell spreading and early differentiation, which has been reported to be detrimental to the maintenance of the chondrogenic phenotypes.^[@bibr29-2041731419826433],[@bibr37-2041731419826433][@bibr38-2041731419826433]--[@bibr39-2041731419826433]^

Based on the cell-to-scaffold interaction results, the dense scaffolds are thought to offer more cell-to-cell interactions with respect to the nanofibrous scaffolds. The cell-to-cell interactions of CCs were examined by the morphological change and the Col II expression. For more accurate observation of the surface-nanostructure-dependent cellular interactions, the scaffolds were prepared in a flat membrane type which led to a development of morphology with less pronounced macropore channels but more contrasted dense or nanostructured surface topology (as provided in [Figure 3(a)](#fig3-2041731419826433){ref-type="fig"}). The CCs cultured for 7 days showed clearly different behaviors. On the dense sample, the CCs were present unevenly, showing an irregular pattern-like circular arrangement of cell aggregates, whereas the cells on nanofibrous sample were distributed more evenly without an aggregation, based on optical microscopic images ([Figure 3(b)](#fig3-2041731419826433){ref-type="fig"}). A closer examination under a confocal microscope revealed that the cells on the dense sample were closely packed with limited cytoskeletal process, whereas those on the nanofibrous sample were highly extensive and presented minimal aggregation. The micro-mass morphology of the aggregated CCs observed on the dense scaffolds was similar to that found in native cartilage tissues.^[@bibr40-2041731419826433]^ This morphological development of CCs is closely related to the maintenance of CC phenotype and the maturation into a cartilage-like tissue. While the cell numbers counted in per field image were comparable on both surfaces, the cells on a dense surface were less homogeneous in a more aggregated form ([Figure 3(c)](#fig3-2041731419826433){ref-type="fig"}). Of note, the intensity of Col II was significantly higher (\~7 times) on the dense surface than on the nanofibrous surface ([Figure 3(d)](#fig3-2041731419826433){ref-type="fig"}). Col II is considered as a representative marker of cell-to-cell contact of CCs. The collective results demonstrate that the dense scaffolds are able to enhance the cell-to-cell interactions at the cost of cell--matrix adhesions, which leads to form round-shaped cells with few actin filaments and ultimately the development of micro-mass cellular constructs.

![Cell-to-cell interaction assays compared between dense- and nanofibrous-surfaced scaffolds: (a) SEM morphological difference of dense- or nanofibrous-surfaced matrices used for the test; (b) representative CLSM images of immuno-stained cells at day 7 (blue: nuclei, red: α-actins, and green: Col II); (c) DAPI-stained nuclei number; and (d) Col II expression intensity, assayed from CLSM images.\
Statistically significant difference noted (\*\**p* \< 0.01; *n* = 3).](10.1177_2041731419826433-fig3){#fig3-2041731419826433}

Next, the expression of genes related to CC phenotype, such as SOX-9, Col II, and Aggrecan, were examined at days 7 and 14 by reverse transcription polymerase chain reaction (RT-PCR) ([Figure 4(a)](#fig4-2041731419826433){ref-type="fig"}). All the genes were expressed more on the dense scaffolds than on the nanofibrous scaffolds, particularly at day 14. The most notable expression was found in Aggrecan, in which the dense scaffolds showed \~35 times of upregulation of the gene at day 14 with respect to the nanofibrous scaffolds. While the SOX-9 and Col II are known as transcription factors expressed at relatively early stages mainly associated with the maintenance of the CCs,^[@bibr41-2041731419826433],[@bibr42-2041731419826433]^ the Aggrecan is produced relatively at later stages and considered as a major proteoglycan in cartilage ECM. While the Aggrecan expression is indicative of increased cell-to-cell interactions, it is also involved in the cell-to-ECM molecular interactions in cartilage due to its ability to bind hyaluronan.^[@bibr43-2041731419826433]^ Therefore, the expression of a substantial level of Aggrecan by the cells during the culture of 14 days on the dense-surfaced scaffolds suggested the possible functional development (i.e. cartilage-like ECM synthesis) of the cellular constructs. We further analyzed the production of a key cartilage matrix molecule GAG, by means of staining the cells with Alcian blue after 14 and 21 days culturing ([Figure 4(b)](#fig4-2041731419826433){ref-type="fig"}). The cellular constructs cultured on dense-surface scaffolds revealed much darker blue color stains than those on the nanofibrous scaffolds at both culture periods, thereby presenting significantly higher GAG production. The quantification result of the Alcian blue dye amount showed higher levels on the dense scaffolds than on the nanofibrous scaffolds. This is a clear indication that the CCs cultured on the dense-surface scaffolds become more functional to synthesis abundant GAG molecule, thus implying more potential for the cartilage regeneration when compared to the cells cultured on the nanofibrous scaffolds.

![Maintenance of chondrocyte phenotypes differed in two types of scaffolds: (a) expression of chondrocyte-related genes, SOX-9, Col II, and Aggrecan, by qRT-PCR at 7 and 14 days and (b) GAG production as quantified by the Alcian blue stain assay (inset images showing Alcian blue--stained samples).\
Statistically significant difference noted (\**p* \< 0.05; \*\**p* \< 0.01; *n* = 3).](10.1177_2041731419826433-fig4){#fig4-2041731419826433}

Collectively, we demonstrated that the CCs cultured on the nanofibrous-surfaced scaffolds were shown to exhibit lower levels of CC phenotypes and cartilage functionality than those on dense-surface scaffolds. The major reason is that the nanofibrous scaffolds provide a unique nano-topological feature where cells can recognize easily the underlying matrix through binding motifs; simultaneously, they are blocked to achieve more cell-to-cell contacts and the cellular aggregation, which is an essential step for the maintenance of CC phenotypes and functional development into a cartilage-like tissue. In fact, some previous studies have focused on the fibrous matrices prepared by electrospinning for the cartilage regeneration purposes.^[@bibr44-2041731419826433]^ The nanofibers made of poly(ε-caprolactone) were tuned to have different pore sizes (1.2 ± 0.2 μm^2^ vs 90 ± 10 μm^2^), and the MSCs were cultured to differentiate into CCs. In the study, large pored nanofibers (90 ± 10 μm^2^) were shown to support the chondrogenesis better by driving more cell--cell condensation, when compared with small pored ones (1.2 ± 0.2 μm^2^). The large pores were shown to enhance the chondrogenesis through enhanced cell--cell gap junctions with decreased cell--matrix interactions.^[@bibr45-2041731419826433]^ Moreover, some previous studies reported that microfibers, compared with nanofibers, could better support the MSCs differentiation to CCs,^[@bibr46-2041731419826433],[@bibr47-2041731419826433]^ sharing some common phenomenon with this study. Therefore, modulating the underlying matrices and scaffolds to favor cellular aggregation is considered as a key design strategy for CC culture and cartilage engineering.

MSC responses and the osteogenic stimulation {#section19-2041731419826433}
--------------------------------------------

After assessment with CCs, the MSCs were then used to examine their interactions with two different types of scaffolds, including cell adhesion, growth, and osteogenic differentiation. Representative CLSM images visualized the morphology of cells at 4 h of adhesion. Compared to dense scaffolds, the nanofibrous scaffolds showed more cells and better spreading of them ([Figure 5(a)](#fig5-2041731419826433){ref-type="fig"}). The cell adhesion recorded up to 16 h showed significantly higher levels on nanofibrous scaffolds than on dense scaffolds, particularly until 4 h, by a difference of \~3 times, suggesting the nanofibrous scaffolds accelerated the adhesion events of MSCs ([Figure 5(b)](#fig5-2041731419826433){ref-type="fig"}). The cell proliferation rate measured up to 14 days showed to be similar between the two scaffolds ([Supplemental Figure S1](https://journals.sagepub.com/doi/suppl/10.1177/2041731419826433)).

![MSCs adhesion to dense- or nanofibrous-surfaced 3D scaffolds: (a) representative CLSM images of immuno-stained cells at 4 h (blue: nuclei, red: α-actins) and (b) cell adhesion number measured at various initial time points. Negative controls not shown.\
Statistically significant difference noted (\**p* \< 0.05; \*\**p* \< 0.01; *n* = 3).](10.1177_2041731419826433-fig5){#fig5-2041731419826433}

The osteogenesis of the MSCs was then identified by the expression of some key osteogenic proteins, for example, RUNX2, BSP, and OPN, by the western blot ([Figure 6](#fig6-2041731419826433){ref-type="fig"}). The band intensities were also quantified. The relatively initial osteogenic marker, RUNX2, was expressed at significantly higher level on the fibrous scaffolds compared to the dense scaffolds at both 7 and 14 days. This trend was observed also for the relatively late osteogenic markers, BSP and OPN. A previous study has also demonstrated that MSCs were stimulated to differentiate into an osteogenic lineage upon nanostructured substrates, such as nanofibrillar structures, and the change in their cytoskeleton distribution had profound effect on their gene expression and protein expression and committed them to an osteogenic lineage.^[@bibr48-2041731419826433]^ The nano-patterned structure that could allow higher filopodia activity of MSCs has been considered as the main reason for the enhancement of osteogenic activity with respect to the flat surfaces.^[@bibr49-2041731419826433]^ The mineralization of the osteogenic committed cells was finally examined thorough the calcium deposition ([Figure 7](#fig7-2041731419826433){ref-type="fig"}). The ARS staining showed much darker red color on the nanofibrous scaffolds compared to that on the dense scaffolds. When quantified, the difference was as high as six times.

![Osteogenic differentiation of MSCs differed in dense- and nanofibrous-surfaced scaffolds: (a) osteogenic protein expressions (OPN, RUNX2, and BSP), analyzed by western blot at 7 and 14 days and (b) the intensities quantified by ImageJ (data normalized to a group Dense 7D).\
Statistically significant difference noted (\**p* \< 0.05; \*\**p* \< 0.01; *n* = 3).](10.1177_2041731419826433-fig6){#fig6-2041731419826433}

![Mineralization of MSCs: ARS assay measured at 28 days, showing significantly higher level in nanofibrous scaffold (\*\**p* \< 0.01; *n* = 3). Stained images are also attached.](10.1177_2041731419826433-fig7){#fig7-2041731419826433}

Design strategy and concluding remark {#section20-2041731419826433}
=====================================

Here, we successfully engineered 3D biopolymer scaffolds with two distinct surface morphologies, presenting dense and nanofibrous structures. While the dense scaffolds were effective for aggregating CCs and helping their maintenance of chondrogenic phenotypes, the nanofibrous morphology triggered adhesion events through cell--matrix interactions, downregulating chondrogenic preservation. On the contrary, the significant stimulation of adhesion events by the nanofibrous scaffolds was highly helpful for the MSCs to commit an osteogenic lineage, with the expression of related proteins and calcified nodules higher than those by the dense scaffolds. This reflects the reciprocal relationship between cell--cell interactions and cell--matrix interactions that are selectively favorable depending on the type of cells, that is, cell--cell interactions favored for CCs versus cell--matrix interactions for MSCs, which results from the different matrix conditions provided by the different surface nanostructures.

Therefore, as depicted in [Figure 8](#fig8-2041731419826433){ref-type="fig"}, the nanofibrous and dense parts can be optimally designed to become an osteochondral biphasic scaffold. A merited aspect is that the process introduced in the preparation of the biphasic scaffolds (i.e. integrative molding a biphasic scaffold in one pot from two different solutions) is easy to control the parameters of scaffolds (dimension, pore size, composition, etc.). Through this method, further works---optimizing pore sizes (larger for osteo and smaller for chondro) or allowing more gradient structures (multiphasic)---will be of value to follow. Moreover, in vivo studies in osteochondral models using the optimally designed biphasic scaffolds may be needed to confirm the potential prior to find a clinical availability. This work demonstrates the differential osteogenic and chondrogenic responses to the underlying surface morphological conditions in a 3D scaffold system, offering a future strategy to design of the osteochondral scaffolds.

![Schematic illustration of the design strategy for osteochondral engineering: Biphasic scaffolds can be designed based on the differential cellular responses on dense and nanofibrous surface.](10.1177_2041731419826433-fig8){#fig8-2041731419826433}
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